Introduction

22
In these last years, antibiotics were considered to be an emerging environmental problem due 23 to their continuous entry and persistence in the aquatic ecosystem [1] . This pollution proceeds 24 from human excretion after drug administration and passes through wastewater treatment 25 
RH + • OH → R • + H2O
(1) 19 RX + • OH → RX •+ + OH -
20 ArX + • OH → OHArX • (3) 21 Nevertheless, AOP used for complete mineralization can be expensive, and hence its 22 combination with a biological treatment can significantly reduce operating costs [16] . This 23 combination is especially suitable when microorganisms present in activated sludge are not 24 able to metabolize the parent compound; the AOP, applied as a pre-treatment step, may 25 4 enhance the overall biodegradability by transforming this parent compound into easily 1 biodegradable and less toxic intermediates, preventing cellular lysis [1, 17, 18] . 2 The present work intends to perform three objectives. The first one is the use of Doehlert 3 methodology design to optimize the electro-Fenton operating conditions for the removal of 4 trimethoprim (TMP) i.e. its degradation into organic by-products; the second aim is to 5 combine electro-Fenton process and biological treatment for the mineralization of TMP i.e. its 6 transformation into water, carbon dioxide and inorganic ions; and the last one is the validation 7 of the combined process through the remediation of an industrial pharmaceutical effluent. 8 Electro-Fenton is an electrochemical advanced oxidation process based on the continuous 9 generation of H2O2 in an acidic medium through the electrochemical reduction of O2 at the 10 cathode (Eq. (4)). The generated H2O2 reacts with the added Fe 2+ ions to produce hydroxyl 11 radicals ( • OH) and Fe 3+ ions via the Fenton's reaction (Eq. (5)), which is favored by the 12 catalytic action of the Fe 3+ /Fe 2+ system, mainly from the regeneration of Fe 2+ by the cathodic 13 reduction of Fe 3+ (Eq. (6)) [8, 11, 13, 19] . At the anode, oxygen is formed by the oxidation of 14 water (Eq. (7)). Moreover, the method and the involved reactor are easy to handle and to use.
15
O2 + 2e − + 2H + → H2O2 (E° = 0.69 V, Standard Hydrogen Electrode: SHE) (4) 16 Fe 2+ + H2O2 → Fe 3+ + OH − + • OH (Fenton's reaction) (5) 17 Fe 3+ + e − → Fe 2+ (E° = 0.77 V, SHE) (6) 18 2 H2O → O2 + 4e − + 4H + (7) 19 As mentioned above, the chosen target compound is trimethoprim (C14H18N4O3, 20 290.32 g mol -1 , CAS 738-70-5), a bacteriostatic antibiotic commonly prescribed in 21 combination with sulfamethoxazole for the treatment of infectious diseases in humans. It is 22 also widely used in veterinary medicine, for prevention and treatment of infections and as a 23 growth promoter. The removal of TMP in wastewater treatment plants has been reported to be 24 less than 10% [20] . Therefore, the TMP (water solubility of 400 mg L -1 at 25°C) has been 25 5 detected in many environmental monitoring studies in the concentration range of μg L -1 1 (0.1 to 5 μg L -1 ) in WWTP effluents [21] . applied for the control sample except that it was replaced by a solution of easily 10 biodegradable compounds, namely glutamic acid (150 mg L −1 ) and glucose (150 mg L −1 ).
11
Before use, KOH was added to achieve neutral pH (7.0 ± 0.2). Similar protocol was also 12 considered for the blank solution, for which the sample was replaced by water to have a 13 negligible BOD5 value. Generated carboxylic acids were identified by ion chromatography (Dionex DX120), coupled 5 to a conductivity detector, using an anion-exchange column Dionex AS19 (4 × 250 mm) 6 equipped with a Dionex AG19 guard column (4 × 50 mm) coupled to a ASRS suppressor.
7
The eluent gradient was generated using the Dionex ECG-KOH Elu GenII cartridge; it was as 8 follows: 0-10 min: 10 mM isocratic; 10-25 min: gradient from 10 to 45 mM; 25-35 min: 9 45 mM isocratic with a flow rate of 1 mL min -1 . Paris La Défense, France), which was used as the cathode, were 260 mm × 80 mm. Its 17 specific area, measured by the BET method was 0.7 m 2 g −1 , its thickness was 12 mm, its 18 density was 0.088 g cm −3 and its carbon yield was 99.9%. The anode was a cylindrical 19 platinum electrode (50 mm × 20 mm) located in the center of the electrochemical reactor to 20 have a good potential distribution. Prior to electrolysis, compressed air was bubbled for 10 21 min through the solution at a flow rate of 450 cm 3 min −1 to saturate the aqueous solution with 22 oxygen.
23
The pH of the solutions was adjusted to 3 by sulfuric acid (H2SO4). A catalytic quantity of 24 FeSO4.7H2O was introduced into the cell just before the beginning of the electrolysis. The :
Where Ui (0) is the value of Ui at the center of the study domain, ΔUi is the variation step and 4 αi is the maximum coded value of Xi: α1 = 1; α2 = √3 / 2; α3 = √6 / 3. 5 U i (0) = upper limit of U i + lower limit of U i 2 (9) 6 ∆U i = upper limit of U i − lower limit of U i 2 (10) Where Y is the experimental response, b0 is a constant of the model, bi is the estimation of the 14 main effects of the factor i, bii is the estimation of the second order effects and bij is the 15 estimation of the interactions between factor i and factor j.
16
The calculation of coefficients is carried out through the least squares method by means of
Where B is the vector of estimates of the coefficients, X is the model matrix, X T is the 19 transposed model matrix and Y is the vector of the measured response.
20
The statistical significance of the model was checked using the variance analysis (ANOVA).
21
The relationship between the response and the experimental variables was graphically 22 illustrated by plotting the three-dimensional response surface and the two dimensional 23 isoresponse curves. NEMRODW Software [25] was used for data calculation and treatment. The variance analysis for the fitted model indicated that the model was statistically 11 meaningful (P-value < 0.01) (Table 2) . Moreover, the correlation coefficients (R 2 = 0.98 and 12 R²Adjusted = 0.95) were high, implying that in the studied domain more than 95% of the 13 response variability was explained by the second-order polynomial predicted equation (Eq.
14 (13)). Consequently, one can conclude that the response Y is adequately described by the 15 polynomial model, and so the generated equation can be used to predict the Y-values in the 16 studied domain.
17
Furthermore, the isoresponse curves of TMP removal and the corresponding three-18 dimensional representations can be seen in Fig. 1 . The graphic analysis of these figures 19 showed that increasing electrolysis time enhanced the removal of trimethoprim. Indeed, a 20 higher rate of trimethoprim removal could be reached when the reaction time would vary 21 from 20 to 30 minutes ( Fig. 1a-d) .
22
It can also be seen that TMP removal rate was improved when the initial Fe 2+ concentration 23 was located between 0.64 and 0.74 mM ( Fig. 1c and d) , most likely due to a higher production 24 of hydroxyl radicals in the presence of more Fe 2+ ions in the electro-Fenton reaction [27] .
25
However, the use of high ferrous ions concentration ([Fe 2+ ]0 > 0.74 mM) led to a decrease of 1 the removal efficiency, probably due to the consumption of • OH by the excessive ferrous ions 2 according to equation (14), decreasing the quantity of this radical and hence inhibiting the 3 degradation reaction [8, 27] .
Moreover, it can be noted that an increase of the applied current intensity would increase the 6 removal efficiency; the maximum TMP removal rate was obtained when the current intensity 7 was ranging between 455 and 477 mA ( Fig. 1e and f) . This trend can be explained by the 8 excess production of hydrogen peroxide and an increased regeneration rate of Fe 2+ that would 9 promote hydroxyl radical production [28] . Besides, at a higher current intensity (I > 477 mA) 10 the TMP removal rate decreased; this behavior can be attributed to the 4e-reduction of O2 11 leading to the formation of H2O (Eq. (15)), which inhibits H2O2 formation reaction (Eq. (4))
12
[29]. In addition, at current values higher than 477 mA, the hydrogen gas evolution, at the 
Electro-Fenton pretreatment of TMP 20
The removal of trimethoprim was carried out in the optimal operating conditions deduced 21 from the Doehlert matrix, namely [Fe 2+ ]0 = 0.69 mM and I = 466 mA, leading to a rapid and 22 total TMP removal within 30 min pretreatment ( Fig. 2a ). Contrarily, mineralization and 23 oxidation yields remained low, 12 and 21% for 30 and 60 min electrolysis times for the 24 former ( Fig. 2a) , and 29 and 56% from an initial amount of 86 mg L -1 O2 for the latter after 30 25 and 60 min pretreatment respectively (Fig. 2b) . This suggested the formation of organic 
Improvement of the biodegradability 6
In order to follow the evolution of the biodegradability profile during the electro-Fenton 7 pretreatment, the samples were analyzed for BOD5 and COD, showing a ratio of 0.11 for the 8 target molecule confirming its recalcitrance and the need for its oxidation prior to a biological 9 treatment ( Fig.2b) , while the BOD5/COD ratio increased to 0.32 and 0.52 after 30 and 60 min 10 electrolysis times, namely above the limit of biodegradability (0.4 [32]) after 60 min 11 pretreatment. From this and owing to the total TMP removal after only 30 min electrolysis, in 12 addition to TMP removal part of by-products was also oxidized after 60 min pretreatment. (Table 3) ; their evolution during electrolysis was 24 presented in Fig. 3 . Besides, generated carboxylic acids were identified by ion 1 chromatography and their retention times were compared with standard compounds (Table 3) .
2
The obtained results allowed suggesting a degradation pathway for the electro-Fenton 3 oxidation of trimethoprim (Fig. 4) . As can be seen, the cleavage of the central methylene 4 group of TMP, at the beginning of electrolysis, was accompanied by the formation of 1,2,3- 126. In addition, the product (MW 198) was attacked by • OH to form the 3,4,5-20 trimethoxybenzaldehyde (MW 196) . The latter degradation product, which has been proven 21 by earlier study [33] , can also undergo oxidation leading to 3,4,5-trimethoxybenzoic acid 22 (MW 212).
23
The observation of Fig. 2a and Fig. 3 shows that the disappearance of TMP and the formation 24 of intermediate compounds took place simultaneously. As can be seen, the major aromatic by-25 products were 2,4-diaminopyrimidine-5-carbaldehyde and 3,4,5-trimethoxybenzaldehyde, 1 their formations were very fast, they reached their maximum concentrations (196.5 and 2 91 µg L -1 respectively) at 5 min and completely disappeared within 40 and 50 min, 3 respectively. Whereas, 3,4,5-trimethoxyphenol and 2,4-diamino-6-hydroxypyrimidine 4 reached their maximal accumulation values (lower than 2 µg L -1 ) after 10 min of treatment 5 and then their concentrations decreased until complete disappearance. It was found that the 6 concentration of 1,2,3-trimethoxybenzene remained at small steady-state values during the 7 electrolysis. On the other hand, the 3,4,5-trimethoxybenzoic acid concentration increased 8 rapidly attaining a maximum concentration of 4 µg L -1 at 5 min of electrolysis and then 9 followed a slow degradation kinetic. Finally, all aromatic by-products would be further 10 oxidized by • OH through ring cleavage reactions into short-chain aliphatic carboxylic acids, 11 such as acetic acid (MW 60), glyoxylic acid (MW 74), oxalic acid (MW 90) and succinic acid 12 (MW 118). The time-course evolution of some carboxylic acids was followed; the obtained 13 results showed that glyoxylic and succinic acids appeared during the first minutes of 14 treatment, reaching concentrations of 11.5 and 2 mg L -1 after 60 min of electrolysis.
15
According to Haidar et al. [35] , the action of hydroxyl radicals on the aromatic intermediates 16 is easier than on the carboxylic acids, which have a good resistivity and are hardly oxidizable 17 by • OH. 
Biological treatment 20
Owing to biodegradability improvement, activated sludge cultures of pretreated solutions of 21 TMP were carried out in duplicates for 20 days (Fig. 5 ). 37 and 41% mineralization were 22 obtained after 4 and 6 days of culture for the solutions pretreated during 30 and 60 minutes, 23 respectively (Fig. 5 ). This behavior can be attributed to a readily assimilation of some of the 24 degradation products by microorganisms [36] . Low mineralization rates can be then observed 25 16 beyond this time until reaching 47 and 59% on the 20 th day for the solutions electrolyzed 1 during 30 and 60 minutes, respectively (Fig. 5 ). From this, the level of mineralization 2 observed during activated sludge culture increased with the pretreatment time. It is 3 noteworthy that in the absence of pretreatment, no noticeable TMP biodegradation was 4 observed (Fig. 5 ), in agreement with its low BOD5/COD ratio, 0.11 (Fig. 2b) .
5
It should be noted that possible biosorption of TMP or the degradation products from the 6 pretreatment was checked and was found to be not significant (data not shown).
7
Moreira et al. [37] , have studied the mineralization of 20.0 mg L -1 of TMP by electro-Fenton 8 process, with a 10 cm² BDD anode and a 10 cm² carbon PTFE air diffusion cathode. The 9 treatment was performed using a low Fe 2+ dose of 2.0 mg L -1 , a low current density of 5 10 mA•cm² and a pH of 3.5; it has led to a 14% mineralization after 180 min reaction. 11 12 3.6. Application to an industrial pharmaceutical effluent 13 The pretreatment of an industrial pharmaceutical effluent was carried out in the same 14 operating conditions as for the synthetic solution (Fig. 6 ). As shown in Fig. 6a , continuous 15 TMP removal was observed during the oxidation of the industrial effluent until reaching 98% 16 after 180 minutes. The rate of TMP degradation in the industrial effluent was therefore slower 17 than in the synthetic solution; this behavior may be due to the competitive consumption of 18 hydroxyl radicals by other organic compounds contained in the real effluent, since TMP 19 accounted for only 6% of the organic content of the industrial effluent (Tables 1 and 2) . A low 20 level of mineralization was concomitantly observed, 14 and 16% for 180 and 300 minutes 21 electrolysis times (Fig. 6a) , as well as a relatively low level of oxidation, 18 and 20% from an 22 initial amount of 8770 mg L -1 O2 after 180 and 300 minutes of pretreatment respectively (Fig.   23 6b). These results can be explained by the generation of intermediate compounds 24 simultaneously with the degradation of the target compound, as confirmed at the examination 25 of the HPLC profiles (data not shown). The low BOD5/COD ratio (0.14 - Fig. 6b ) of the 1 industrial effluent confirmed the need for a pretreatment prior to a biological treatment; while 2 after electrolysis, the solutions became biodegradable since the BOD5/COD ratios increased 3 to 0.45 and 0.47 for 180 and 300 minutes pretreatment (Fig. 6b) . The corresponding 4 biological treatments were therefore carried out and are displayed in Fig. 7 . The 5 mineralization yields observed were close to 70% after about 10 days of culture for the 6 effluent pretreated during 180 minutes and final mineralization yields were 76 and 87% for 7 180 and 300 minutes of effluent pretreatment, respectively (Fig. 7) . Contrarily, in the absence 8 of pretreatment, the rate and the yield of mineralization were significantly lower, since only 9 15% TOC removal was observed after 8 days of culture and about 50% at the end of culture 10 (15 th day). Overall removal yields of the industrial effluent during the combined process were 11 therefore 80 and 89% after 180 and 300 minutes of effluent pretreatment, respectively.
12
It should also be noted that as for the synthetic solution possible biosorption of the organic 13 content of the industrial effluent or the degradation products from the pretreatment was 14 checked and was found to be negligible (data not shown).
15
The higher levels of mineralization observed for the industrial effluent if compared to the 16 synthetic solution should be underlined. Indeed, TMP contributed for only 6% of the carbon 17 content of the industrial effluent, and hence at least part of this organic content was also 18 oxidized during pretreatment and mineralized during biological treatment. Indeed, in the 19 absence of pretreatment, no TMP degradation was observed (Fig. 5) , while significant 20 mineralization was observed at the end of the biological treatment of the industrial effluent 21 (Fig. 7) . Furthermore, for 30 and 180 minutes pretreatment of the synthetic solution and the 22 industrial effluent, namely the time needed for a total TMP removal ( Figs.2a and 6a ), 23 important mineralization was observed for the industrial effluent, 70% after about 10 days 24 biological treatment (Fig. 7) , while only 47% after 20 days culture on the synthetic solution 1 (Fig. 5) . Based on the identified intermediates, a plausible degradation pathway was proposed.
10
Trimethoprim pretreatment was carried out in the optimal operating conditions deduced from 11 the Doehlert matrix, leading to low levels of mineralization, 12 and 21% after 30 and 60 min 12 electrolysis times respectively. Simultaneously, an improvement of the biodegradability was 13 noted, (0.32 and 0.52 from an initial BOD5/COD ratio of 0.11). Therefore, biological 14 treatments were performed during 20 days and showed that the level of mineralization 15 increased with the electrolysis time, from 47 to 59% for 30 and 60 min pretreatment times.
16
In order to confirm the relevance of the proposed combined process, an industrial 17 pharmaceutical effluent was electrolyzed under the same conditions, showing an almost total 18 TMP removal (98%), while the mineralization yields remained low, 14 and 16% after 180 and 19 300 minutes electrolysis times, respectively. Moreover, the BOD5/COD ratio increased from 20 0.14 to 0.45 and 0.47 proving the enhancement of biodegradability of the pretreated effluent.
21
The corresponding biological treatments led to 76 and 87% of mineralization after 15 days.
22
Overall removal yields of the industrial effluent during the combined process were therefore 23 80 and 89% for 180 and 300 minutes of effluent pretreatment, respectively. An increase of the 24 
